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Abstract: Aggregation of presynaptic protein α-synuclein is implicated in the development of Parkinson’s disease. Interaction of α-synuclein 
with lipid membranes appears to be critical for its physiological and pathological roles. Anionic lipids trigger conformational transition of α-
synuclein from its natively disordered into an α-helical structure. Here we used surface plasmon resonance (SPR) to determine the affinities of 
α-synuclein for the small unilamellar vesicles composed of anionic 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) or 1,2-dipal-
mitoyl-sn-glycero-3-phosphoglycerol (DPPG) and neutral 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipids. α-Synuclein bound in 
a concentration dependent manner to equimolar mixtures of POPC/POPS and POPC/DPPG vesicles. The affinity of α-synuclein for POPC/POPS 
was ~3-fold higher than for POPC/DPPG. These results indicate that headgroup charge is not the only factor contributing to α-synuclein-mem-
brane association. 
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INTRODUCTION 
-SYNUCLEIN is a soluble presynaptic protein. It may 
exist in aberrant β-sheet-rich aggregated state, which 

is causally implicated in the etiology of Parkinson’s disease 
and other synucleinopathies.[1,2] Although α-synuclein is 
abundantly expressed throughout the brain,[3] its precise 
function and role in key molecular events that lead to pro-
gressive neurodegeneration remain elusive. Mounting evi-
dence links both physiological and pathological role(s) of  
α-synuclein with its association with biological mem-
branes.[4–7] While native α-synuclein binds to the surface of 
synaptic vesicles and mediates synaptic plasticity and neuro-
transmitter release,[4,5] misfolded oligomeric α-synuclein 
species could contribute to neurotoxicity by membrane 
disruption.[6] However, Parkinson’s disease pathology may 
be associated with a loss or impairment of physiological  
α-synuclein-membrane interaction.[5] 

 Although membrane-binding properties of α-synu-
clein have been extensively studied, there is a lack of con-
sensus regarding α-synuclein membrane preferences and 
its effect on the bilayer structure.[8,9] In aqueous solution 
and in intracellular environment, α-synuclein exists mainly 
as a disordered and highly dynamic 140-residue mono-
mer.[10] The sequence of α-synuclein can be divided into 
three domains: (i) a positively charged N-terminal region 
that contains a series of conserved motifs, proposed to en-
able membrane-induced amphipathic α-helix formation, (ii) 
a hydrophobic central region which is essential for β-struc-
ture formation, and (iii) a negatively charged C-terminus 
that remains unstructured in both the aggregated and 
membrane-bound state.[2,8] Depending on membrane 
physico-chemical properties, several distinct binding 
modes have been suggested for α-synuclein.[11] Neverthe-
less, the N-terminal ~100 residues (encompassing N-termi-
nus and central region) undergo coil-helix transition upon  
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membrane binding.[12–15] α-Synuclein resides on the mem-
brane surface, with some regions immersing deeper into 
the hydrophobic core of the bilayer.[9,12,13,15] The mem-
brane affinity of α-synuclein is highly influenced by bilayer 
curvature, charge and phase state, chemical composition of 
the solution (buffer), and lipid:protein ratio.[7–9] α-Synuclein 
may interact better with highly curved surfaces of small 
unilamellar vesicles (SUVs),[16–18] which resemble the size of 
synaptic vesicles.[19] Depending on the lipid model system 
the α-helix adopts extended or horseshoe-like confor-
mation.[12,13,15] 
 Extensive data show that α-synuclein preferentially 
binds with lipids that contain negatively charged polar 
headgroups, such as phosphatidylglycerol (PG) and phos-
phatidylserine (PS).[16,18,20–24] The interaction is attributed 
to electrostatic attraction between anionic membrane sur-
face and cationic lysine-rich N-terminus of α-synuclein.[14,23] 
On the contrary, the α-synuclein binding with zwitterionic 
lipids is still unclear, with various reports on strong, weak, 
or absent association.[7] However, in addition to electro-
static interactions, hydrophobic interactions are important 
in the association of α-synuclein with membranes.[23–26] We 
have recently shown that the mechanism of α-synuclein 
binding to lipid membranes is primarily dependent on the 
surface charge density of the lipid bilayer and the phase 
state of the lipids.[23] α-Synuclein associated with SUVs 
composed of negatively charged 1,2-dipalmitoyl-sn-glycero-
3-phosphoglycerol (DPPG) in the phase-transition range 
and in the liquid crystalline state, but not in the gel phase. 
α-Synuclein did not bind to vesicles of the zwitterionic lipid 
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC).[23] 
Importantly, α-synuclein thermally stabilised anionic vesic-
les, which could have an impact for vesicle fusion with 
presynaptic membrane.[23] 
 Here we use surface plasmon resonance (SPR) in or-
der to explore α-synuclein interaction with lipid mem-
branes in more detail. SPR has become an established 
approach for studying molecular interactions of proteins 
with lipid membranes. We found lipid vesicles that remain 
intact once bound on lipophilic anchors on the L1 sensor 
chip[27–30] a very convenient approach to study α-synuclein-
membrane association. We aimed to assess the binding 
affinities of α-synuclein for equimolar mixtures of anionic  
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) 
or DPPG with neutral POPC. 
 

EXPERIMENTAL 
Materials 

The phospholipids POPC, POPS, DPPG and 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC) were from Avanti 
Polar Lipids (Alabaster, AL, USA) and were used without 
further purification. Organic solvents were from Merck 

KGaA (Darmstadt, Germany) and were of the purest grades 
available. 
 Aqueous solutions were prepared in bidistilled water 
(Millipore, Billerica, MA, USA) and filtered through 0.22 µm 
filters (Sartorius AG, Goettingen, Germany). All of the ex-
periments were performed in 150 mM NaCl, 20 mM HEPES, 
pH = 7.0. 

α-Synuclein Expression and Purification 
Expression and purification of recombinant human wild-
type α-synuclein was performed as described previously.[31] 
Final confirmation of the molecular mass and homogeneity 
of the recombinantly-produced α-synuclein was achieved 
with matrix-assisted laser-desorption/ionisation–mass spec-
trometry and sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis.  

α-Synuclein Preparation 
α-Synuclein stock solution was prepared by dissolving the 
lyophilized protein in 1 mM NaOH and adjustment to 150 
mM NaCl, 20 mM HEPES, pH = 7.0. Plausible precipitates 
were removed by 45 min centrifugation at 27,000 g. The 
protein concentrations were determined spectrophoto-
metrically using a Cary Eclipse spectrophotometer (Varian, 
Mulgrave, Australia), as described previously.[32] 

Vesicles Preparation 
Small unilamellar vesicles (SUVs) were prepared by soni-
cation as previously described.[23] Briefly, desired lipids dis-
solved in the appropriate organic solvent were transferred 
to a round-bottom flask and dried under vacuum using the 
rotary evaporator for at least 5 h. The warm buffer (150 
mM NaCl, 20 mM HEPES, pH = 7.0) and one-third of tea-
spoon of glass beads were added and the flask was agitated 
vigorously on vortex to remove lipids from the walls. The 
suspension of large multilamellar vesicles was then soni-
cated on ice for 30 min with 10 s on/off cycles at 40 % 
amplitude. The obtained SUVs were finally incubated for 45 
min at 45 °C and centrifuged for 5 min at 6000 rpm to 
remove possible remaining parts of sonication probe. Lipid 
vesicles were prepared fresh for each set of experiments.  

Surface Plasmon Resonance (SPR) 
The binding analysis was performed using Series S Sensor 
chip L1 and Biacore T100 instrument (GE Healthare) basi-
cally following established procedures.[29,30] The system 
was primed twice with the running buffer (150 mM NaCl, 
20 mM HEPES, 0.1 mg/ml BSA, pH = 7.0) and regenerated 
using two 60 s pulses of 0.5 % SDS at 10 µl/min. The 1 
mg/ml POPC/POPS or POPC/DPPG SUVs were injected for 
300 s at flow rate 2 µl/min over the second flow cell. First 
flow cell was left empty and served as a reference surface 
to monitor possible nonspecific binding of the α-synuclein 
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to the surface of the sensor chip. The loosely bound vesicles 
were washed away with two short pulses (15 s) of 10 mM 
NaOH and the surface was allowed to stabilize for 4 
minutes, with only buffer running over it, prior each protein 
injection. The α-synuclein was diluted in running buffer (0, 
2.2, 4.4, 8.8, 17.5, and 35 µM for α-synuclein interaction 
with POPC/POPS and 0, 2.2, 4.4, 8.8, 17.5, 35 and 70 µM for 
α-synuclein interaction with POPC/DPPG) and injected over 
both flow cells for 5 minutes at 10 µl/min. Dissociation was 
monitored for additional 5 minutes. After each protein 
sample the vesicles were washed away with two 60 s pulses 
of 0.5 % SDS at 10 µl/min. Stabilization period of 4 min was 
introduced prior each subsequent vesicles injection. Exper-
iments were performed at 25 °C. 

Data Analysis 
The obtained results were evaluated using Biacore T100 
Evaluation software. The sensorgrams were first subtracted 
by buffer injection (zero concentration) and the reference 
cell responses and fitted using Steady State Affinity model. 

Fluorescence Anisotropy Measurements 
To determine the degree of lipid order of equimolar mix-
tures of POPC/DPPG and POPC/POPS vesicles, fluorescence 
anisotropy measurements were performed, as described 
previously.[23] Briefly, the SUVs were prepared in 150 mM 
NaCl, 20 mM HEPES, pH = 7.0 as described above and 
labelled with 1,6-diphenyl-1,3,5-hexatriene (DPH) fluores-
cent probe (Sigma-Aldrich Co., St. Louis, MO, USA). For the 
control, fluorescence anisotropy of 100% DPPC SUVs was 
measured. DPH fluorescence anisotropy (r) was measured 
using the built-in software of the Cary Eclipse fluorescence 
spectrophotometer (Varian, Mulgrave, Australia) at 25 °C, 
40 °C and 60 °C. The excitation wavelength was 358 nm, 
with the excitation polariser oriented in the vertical 
position, while the vertical and horizontal components of  

the polarised emission light were recorded through a 
monochromator at 410 nm. From the anisotropy value, the 
lipid order parameter, S, was calculated as previously de-
scribed.[23,33]  
 

RESULTS AND DISCUSSION 
 The main benefit of SPR over other biophysical 
methods is the resolving of the affinity constants from sen-
sorgrams.[30] To assess the interaction of α-synuclein with 
SUVs composed of equimolar mixture of zwitterionic POPC 
and negatively charged POPS or DPPG, we applied Series S 
Sensor chip L1. Although α-synuclein appears not to inter-
act with POPC,[23] the addition of neutral lipids to anionic 
can ease vesicle binding onto the sensor chip. The lipid 
surface was freshly prepared for each α-synuclein injection 
and the capture level was kept similar throughout  

                         

Figure 1. SUV capture. SUVs composed of POPC/POPS or POPC/DPPG were applied to the second flow cell (Fc2) during 5 min 
injection and were stabilized with 2 short pulses of 10 mM NaOH (left). The capture level of SUV was kept at the same level 
(right). 
 

 
Figure 2. The protein injection. 17.5 µM α-synuclein was 
injected over POPC/DPPG for 5 minutes with the 5 minutes 
of dissociation. The vesicles were removed from the surface 
with two regeneration steps (0.5 % SDS) as indicated on the 
figure. 
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experimentation (approximately 800 RU; 787 ± 21 RU) for 
each sample (Figure 1). The SUVs surface was allowed to 
stabilize for 4 minutes and afterwards α-synuclein was 
injected for 5 minutes with the additional 5 minutes 
dissociation period. The surface was then regenerated 
using two 60 s injection of 0.5 % SDS (Figure 2). 
 α-Synuclein bound in a concentration dependent 
manner to both, POPC/POPS (Figure 3) and POPC/DPPG 
vesicles (Figure 4). The injections did not saturate com-
pletely the lipid surface within 300 s of association period 
indicating the binding is quite complex. Nonetheless we cal-
culated apparent affinity to estimate the binding differ-
ences of α-synuclein to different lipid headgroups. The 
affinity of α-synuclein for POPC/POPS (KD = 9.9 µM) was ap-
proximately 3-fold higher than for POPC/DPPG (KD = 33.5 
µM). Also utilizing SPR-based approach Smith et al. re-
ported on apparent dissociation constant of 13.4 ± 4.6 μM 
for POPC/POPS bilayer,[36] which correlates well with our 

 

Figure 5. The lipid order parameter, S, of small unilamellar 
vesicles formed from DPPC, POPC/DPPG and POPC/POPS at 
25 °C, 40 °C and 60 °C (as indicated). Data are means ± 
standard error from two independent experiments. Note 
decrease in S with increasing temperature. 

                         

Figure 3. Titration experiments by using POPC/POPS small unilamellar vesicles. α-Synuclein (2.2, 4.4, 8.8, 17.5 and 35 µM) was 
injected over POPC/POPS small unilamellar vesicles (left). The response at the end of the association period (roughly 
corresponding to the equilibrium response) was plotted against α-synuclein concentration in order to obtain an estimate for 
the affinity constant (right). 
 

                         

Figure 4. Titration experiments by using POPC/DPPG small unilamellar vesicles. α-Synuclein (2.2, 4.4, 8.8, 17.5, 35 and 70 µM) 
was injected over POPC/DPPG small unilamellar vesicles (right). The sensorgrams were evaluated to obtained affinity constant 
as in Figure 3 (right). 
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result. However, caution is needed when directly com-
paring calculated binding affinities from various studies,  
as for α-synuclein often even minute differences in experi-
mental approach can lead to contradicting results.[7,9] 
Furthermore, in buffered solution α-synuclein exists as an 
intrinsically disordered monomer,[10] with its conformatio-
nal heterogeneity extending into higher oligomeric states.[35] 
For SPR experiment homogenous sample is a prerequisite 
for satisfactory measurement. Nevertheless, monomeric 
conformation highly prevails even at the higher α-synuclein 
concentration used here (i.e. 70 µM).[23] However, α-
synuclein interaction with lipid vesicles appears to be quite 
complex. The injections of 17.5 and 35 µM α-synuclein over 
POPC/POPS bilayer were affected by dilution with running 
buffer (Figure 3). Nevertheless, approximately half of the 
protein remains stably bound on both lipid compositions 
even after 5 minutes of dissociation period. This indicates 
that α-synuclein does not interact only with the anionic 
lipid headgroups but rather inserts deeper into the lipid 
bilayer, as we previously suggested.[23] 

 Considering that α-synuclein does not interact with 
neutral PC,[23] the binding affinities would suggest preferen-
tial α-synuclein association with anionic PS over PG head-
group. However, others reported on negligible binding 
affinity differences for these two anionic headgroups.[18] In-
deed, the effect of bilayer fluidity on α-synuclein mem-
brane affinity cannot be neglected. We and others have 
recently shown that α-synuclein preferentially binds to an-
ionic bilayers in liquid-crystalline phase, where lipid head-
groups and alkyl chains are loosely packed.[23,24] DPPG 
contains two saturated alkyl chains and at the temperature 
of the experiments (i.e. 25 °C) forms gel phase whereas 
POPS contains one saturated and one unsaturated alkyl 
chain and forms liquid-crystalline phase. At temperature of 
25 °C the degree of lipid ordering is lower for the POPC/POPS 
than for POPC/DPPG vesicles (Figure 5), indicating more 
fluid phase for the former lipid mixture. Furthermore, the 
degree of lipid ordering for POPC/POPS is comparable to 
that of 100 % POPC and POPG,[23] whereas for POPC/DPPG 
it shows intermediate values between DPPC (gel phase) and 
POPC/POPS (liquid-crystalline phase) (Figure 5). Therefore, 
POPC/POPS vesicles might thus provide more accessible 
hydrophobic region, necessary for α-helix stabilization.  
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